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Oriental noodles are staple foods in east Asian countries; one of the most important quality characteristics of these noodles is color. According to consumer preferences for specific noodle products, desirable noodle color characteristics include high brightness and optimum yellowness levels (Hou and Kruk 1998; Guo et al 2003) . Additionally, noodle dough should have low rate of discoloration over time (Crosbie and Ross 2004) . Although nonprotein components (pigments) and polyphenol oxidase (PPO), respectively, are the subjects of the bulk of research into noodle dough color and color stability, flour protein also influences noodle color. Higher protein flours are associated with decreased brightness (Yun et al 1997) and increased redness of noodle dough (Miskelly and Moss 1985; Baik et al 1995; Graybosch et al 2004; Zhao and Seib 2005) . As a consequence of negative correlations between flour protein concentration and noodle brightness, there are generally negative correlations between noodle brightness and breadmaking properties such as loaf volume. This is a substantial constraint to the development of dual-purpose wheats for bread and noodle production (Habernicht et a! 2002) . Modification of gluten protein composition has been suggested as a way to overcome this problem (Habeniicht et a! 2002) .
Extracted gluten is lower in brightness than isolated wheat starch, so to some extent simple dilution of starch by gluten should be responsible for low brightness in fresh noodles made from higher protein flours. However, color of freshly extracted pure gliadin and glutenin has been reported to be white, with enzymatic (FPO) and Maillard browning implicated in the development of gray or yellow coloring during processing and storage (Kim et al 1991) . Somewhat conversely, Moss (1971) observed that dried gluten isolated from different wheat cultivars had different colors, but dried gluten extracted from individual mill streams within a genotype had the same color. This suggests that 1) protein composition may play a part in determining noodle color from cultivar to cultivar; and 2) the effect of protein is independent to some extent of PPO, as gluten color was not affected
by the relative refinement of the individual millstreams within a cultivar. One could anticipate greater discoloration from streams that are relatively enriched in PPO as a result of higher entrainment of bran (Kruger et al 1994) .
Variations in gluten molecular weight distributions, and polymorphisms in high molecular weight glutenin subunits (HMW-GS) (Payne et al 1987) can be related to physical wheat quality factors including loaf volume, mixing peak time, extensibility, and tolerance (Singh et a! 1990a,b; Batey eta! 1991; Bangur et al 1997; Huebner et a! 1997; Borneo and Khan 1999; Zhu and Ohm et a! 2006) . Variations in molecular weight distributions of gluten proteins and polymorphisms in HMW-GS also have shown significant relationships with noodle textural properties (Wesley et a! 1999; Ohm et al 2006) . However, we are not aware of any work that is directly related to variations in molecular weight distributions of gluten proteins or polymorphisms in HMW-GS to noodle color attributes. This is despite the knowledge that flour protein influences noodle color and a report that monomeric and soluble g!utenin protein contents were better at predicting noodle dough color characteristics than flour protein concentration alone (Wang et al 2004) .
This study was performed to investigate relationships between wheat-flour protein composition and color of salted noodles and to improve quality evaluations of white winter wheats grown in Oregon. As we routinely run SE-HPLC chromatograms and SDS-PAGE of gluten proteins, we were curious to see whether any specific HMW-GS or molecular weight ranges of gluten protein were associated with the dullness seen in noodles made from higher protein flours. However, even simple wheat end-use attributes often cannot be predicted by analyzing single components. For example, Graybosch et a! (1993) reported that variations of breadmaking properties of flours could not explain >41% by any single biochemical flour component. Accordingly, we chose to use multivariate analyses to handle many variables at one time and also to overcome multicollinearity. Multivariate procedures have been used previously to create prediction models of wheat end-use properties from near-infrared spectroscopy and conventional wheat quality data (Wikström and Boh!in 1996; Chung et a! 2001 Chung et a! , 2003 Sah!strøm et al 2003a,b; Ohm et a! 2006) . Shahin et a! (2006) applied a neural network to predict noodle colors using scanned image data and Ohm et a! (2006) reported that multivariate analysis of SE-HPLC chromatograms of flour protein could be used to develop prediction models of noodle texture.
MATERIALS AND METHODS
Fifteen hard white winter wheat elite lines and cultivars from a breeding program at Oregon State University were grown in two field replicates at Arlington, OR, in 2003. Hardness index of wheat kernels was measured using a single kernel characterization system (SKCS) (model 4100, Perten Instruments, Huddinge, Sweden) (Approved Method 55-31, AACC International 2000) . Wheat samples tempered to 15% moisture content were milled on an experimental mill (Quadrumat Sr., C. W. Brabender, Approved Method 26-50, AACC International 2000). Flour yield ranged from 63.9 to 71.7% with significant differences among cultivars (data not shown). Protein content was determined by nitrogen combustion analysis (Approved Method 46-30, AACC International 2000) using a carbon, nitrogen, sulfur analyzer (CNS 2000, Leco Corp, St. Joseph, MI) . Protein concentration was calculated as N x 5.7 on 14% moisture basis.
Salted Noodle Making and Color Measurement
Noodle making was performed at optimum water absorption (Ohm et al 2006) . For noodle making, flour samples (100 ± 0.5 g) were mixed with NaCl (1.2 g) dissolved in the appropriate amount of deionized water before addition to flour in a 200-g pin mixer (National Mfg, Lincoln NE). The mixed crumble was rested 30 min in a closed plastic bag and then compounded into a rough sheet using a noodle machine (Ohtake Mfg, Tokyo, Japan) with the roller gap set to 4 mm. The compounded sheet was folded once, halving its length, and compressed again through the 4-mm gap with the fold as the leading edge. This was repeated three times. The dough sheet was rested for another 30 min and reduced in thickness through sequentially decreasing roll gaps of 3.5, 3.0, 2.0, and 1.5 mm.
Color of a single layer of noodle sheet placed on a white ceramic tile was measured immediately after the final roll pass and 24 hr later using a chromameter (CR-310, Minolta, Osaka, Japan). The light source was D65. Measured parameters were brightness or luminosity (L*), red-green chromaticity (a*) , and yellow-blue chromaticity (b*) values. Chromaticity is color as defined by the hue (e.g., whether an object is red or blue or green or yellow) and saturation (intensity of the color). Chromaticity can be characterized by a two-dimensional coordinate in the a*, b * plane of a CIE L*a*b* color space. Chromaticity defines all color qualities except luminosity (brightness). Luminosity is the brightness of the light reflected from an object and can be characterized by the onedimensional coordinate along the L* axis of the CIE L*a*b* color space. Differences between L* values (L*diff) of noodle doughs measured at 0 hr (L*0) and 24 hr (L*24) were also calculated. Values of a* and b* at 0 and 24 hr are abbreviated to a*0 and a *24, and b*0, and b*24, respectively.
Extraction and Characterization of Gluten Proteins with SDS-PAGE
Proteins were extracted from 10 ± 0.05 mg of flour sample in 1.5 mL microtubes using 197.0 ML of extraction buffer and 3.0 ML of 2-mercaptoethanol . After heating in a water bath at 65°C for I hr, the mixture was centrifuged using a microcentrifuge (5413, Eppendorf, Hamburg, Germany) for 15 mm. SDS-PAGE was used to analyze HMW-GS compositions with a Hoffer SE 600 vertical slab gel system (18 x 16 cm, Amersham Bioscience. San Francisco, CA). The 20 ML of supernatant was loaded and electrophoresed at 25°C and a constant current of 40 mA/gel. The separating gel was 1.5 min with a 7.5-14.5% acrylamide gradient. The gels were stained according to the procedure described by Neuhoff et a! (1988) . The HMW-GS bands were identified and labeled using the Payne and Lawrence numbering system, using Cajeme 71 and Moro as references (Gianibelli eta! 2001) .
Extraction and SE-HPLC of Proteins
Extraction and SE-HPLC of proteins was conducted using the method described by Ohm et al (2006) . Flour proteins were extracted by the procedure of Morel et al (2000) with minor modification. Flour sample of 160 ± 0.05 mg (adjusted to 14% moisture content) was placed into 50-mL centrifuge tubes. To each sample, 20 mL of 1% SDS and 0-IM sodium phosphate buffer (pH 6.9) were added using a I 0-mL automatic pipette. The mixture was sonicated (Sonic Dismembrator 100, Fisher Scientific) for 3 mm at SW power setting. After sonication, the mixture was heated in a water bath at 65°C for 30 min to inhibit protease activity and to stabilize the extract. The mixture was centrifuged for 40 mm (Eppendorf Centrifuge 5413) and the supernatant was filtered through a membrane filter (0.45 pin HV Millipore DuraPore). 1-IPLC was performed using a separations module (Waters 2695, Milford, MA) according to the procedure of Batey et a! (1991) . A Phenomenex BIOSEP SEC S4000 size-exclusion column (600 x 7.5 mm, Phenomenex, Torrance, CA) was used with a guard column (75 x 7.5 mm). After injecting 20 ML of sample, it was eluted using 50% acetonitrile in water with 0.1% trifluroacetic acid for 30 min with a flow rate of I mL/min. Eluents were detected at 214 nm using a Waters 2996 photodiode array detector.
Data Analyses
Analyses were performed in duplicate for each of the 30 wheat samples. Mean values of duplicates for individual samples were used for data analyses, not the field replicate means. Statistical analysis was performed using SAS System for Window (v.8.0, SAS Institute, Cary, NC). Analysis of variance (ANOVA) was performed by GLM procedure in SAS. Experimental design was randomized block design in which blocks were field replicates. The significance of differences between HMW-GS alleles was tested using CONTRAST option. Covariance analysis was conducted to test significance of variance among cultivars when the effect of protein content was removed. Variance according to HMW-GS composition was also tested using the CONTRAST option in covariance analysis. Expected values of quality characteristics when protein concentration was adjusted to its overall mean were also calculated through covariance analysis.
Correlation analysis and development of prediction models were performed using 30 samples. Each sample was a unique genotype (n = 15) by field replicate (n = 2) individual. We used this combination of genotype and field replicate to investigate the effects of qualitative and quantitative variations in proteins on noodle dough color and water absorption due to both genotype and environment (field replicates in this research) rather than mask the effect of environment by taking the mean values of the field replicates. Field replicates had a significant effect on variations in protein concentration (data not shown). Correlation analysis was conducted using PROC CORR procedure. Partial correlations were also calculated to examine relationships between variables that were independent of effect of protein concentration.
Absorbance data from SE-HPLC chromatograms of flour protein extracts were transformed and analyzed using an in-house program that was developed using MATLAB (v.6, The MathWorks, Natick, MA). Absorbance data were interpolated to 0.01-mm intervals by cubic spline interpolation methods and used to calculate absorbance area (AA). Each AA was calculated by mean ab- calculated between every one of the 240 individual AAi values, and noodle water absorption and chosen noodle color parameters. The same was done for %Ai values. Correlation coefficients were shown as continuous spectra over retention times ( Fig. 1 ) that represent the statistical relationship between those noodle parameters and protein fractions separated by SE-HPLC. Prediction models were developed as described by Ohm et at (2006) component analysis was performed using a MATLAB-based chemometric program, PLS_Toolbox (v.2.1, Eigenvector Research, Manson WA). The principal component scores calculated from AA and %A data were used to develop prediction models by continuum regression (Stone and Brooks 1990; Ohm et al 2006) . Among principal component scores calculated from AA and %A data and transformed data including squares, cross products, and ratios of principal component scores, variables that showed higher simple or partial correlation coefficients than others were selected as independent variables to develop prediction models. The maximum number of latent variables included in continuum regression to calibrate the models was limited to three to prevent overfitting. Model performance was tested by cross-validation. In crossvalidation, the predicted parameter value for each sample was computed from the model that was recalculated from selected principal component scores from the whole sample set, excluding the sample to be predicted. Performances of a prediction models and cross validations were evaluated by coefficient of determination (R2 ) and root mean square error (RMSE) values.
RESULTS AND DISCUSSION

Flour Protein Content and Noodle Parameters
Means, standard deviations, and minimum and maximum values of quality characteristics are shown in Table I . Flour protein concentration showed a usable variation from low to high that covered the preferred flour protein levels for a majority of commercial noodle types (Crosbie and Ross 2004) . To ensure that the sample set was relatively typical with respect to the influence of flour protein concentration on noodle dough color, simple linear correlation coefficients were calculated (Table II) ing that this correlation between L*0 and protein could not be due to varietal variations. These results confirmed that increased protein concentration in this sample set detrimentally affected initial noodle brightness and red-green chromaticity, and decreased noodle water absorption (Miskelly and Moss 1985; Baik et al 1995; Hatcher et al 1999; Graybosch et al 2004; Zhao and Seib 2005) .
As anticipated, a*0 had a negative correlation with L*0 . The a*24 value was highly and negatively correlated with L*diff, confirming that increased a* values are associated with decreased L* of noodle sheets and that darkening seen by eye and reductions in L*, are largely accounted for by increased redness of noodle doughs. The a*0 was also negatively correlated with b*0 and b*24. Partial correlation coefficients between quality parameters, removing the effect of flour protein concentration are shown in Table II . Noodle water absorption had no significant simple correlations with color parameters. However, it had negative partial correlations with L*0 and b*24 values and positive correlations with 0 *0 and a*24 values. These results indicated that flours that require higher water absorption at equivalent protein concentrations have lower L*0 and b*24 values, and higher 0* values (i.e., they are initially less bright, more red, and less yellow after 24 hr). The increase in a* values associated with higher water absorption could be due to increased water activity, as this factor has been implicated in discoloration of noodle doughs in relation to reduced flour protein content (Baik et al 1995) . The respective partial correlations, a*0 vs. a*24 , and h*0 vs. b*24 , were highly significant (P <0.001), indicating either that the initial coloring of noodle doughs (chromaticity as opposed to luminosity) is a major determinant of the 24 hr color, or suggesting that factors other than flour protein concentration influence these relationships.
Single kernel hardness index had a significant simple correlation (r = 0.61, P <0.001) and a partial correlation (r = 0.42, P < 0.05) with noodle water absorption. Positive correlations between hardness index and noodle water absorption might be attributed to the damaged starch content of the flour, as this association has been reported with positive relationships between wheat hardness and optimum water absorption for processing (Pomeranz 1988; Ohm et al 1998; Hatcher et al 2002) . However, hardness index did not show any significant (P < 0.05) simple correlations with noodle color parameters in this study, indicating that, for this sample set, changes in optimum water absorption due to variation in wheat kernel hardness were not associated with variations in color of noodle sheets. Alternatively, the range of hardness available in the sample set (all wheats graded "hard"; Table I ) might have masked the effect of hardness on noodle dough color.
Effects of HMW-GS
Mean values of quality characteristics for wheats that have different HMW-GS compositions are shown in Table III . Differences related to HMW-GS composition were significant (F> 0.05) for noodle water absorption and all color parameters except for L*0 in this sample set. A breeding line that had HMW-GS combinations 1, 17+18, and 5+10 had a significantly higher (P < 0.05) noodle optimum water absorption than other wheats. Differences in noodle water absorption and color parameters were also statistically tested for HMW-GS coded at each Glul locus (data not shown). The results showed that wheats with HMW-GS 1 had significantly higher (P < 0.01) optimum water absorptions than wheats with other subunits coded at G1uAJ. This result might be also affected by high water absorption of a breeding line with HMW-GS combinations 1, 17+18, and 5+10. Wheat cultivars with HMW-GS 17+18 had significantly (P < 0.001) higher mean water absorptions than other wheats with different GIuBJ coded subunits. Wheats with HMW-GS 17+18 had the lowest mean flour protein concentration of 10.8% (14% mb) among wheats with different GIuBJ HMW-GS. The higher water absorption of these wheats could be partly due to low protein concentrations and the negative correlation between flour protein and noodle water absorption (Table II) . The effect of HMW-GS 17+18 on noodle water absorption might be verified using isogenic lines that have different HMW-GS compositions with the same genetic constitution, since only 15 genotypes were tested in this experiment. L*0 values were not significantly different among flours with different HMW-GS combinations (Table III) . For L*24, a wheat breeding line with HMW-GS combination, null, 17+18, and 5+10, had significantly higher L*24 than other wheats (Table III) . All wheat lines with HMW-GS 17+18 had significantly (P < 0.001) higher mean L*24 and lower L*diff than other wheats, suggesting that HMW-GS 17+18 could contribute to increased water absorption, and tolerance to discoloration in noodle doughs. These effects of HMW-GS 17+18 on L* may be due to low flour protein concentration, as pointed out for water absorption. Wheat lines that had GIuAI null had the highest mean L*24 values among wheats with different alleles at G1uAI. Wheat lines with HMW-GS 2* had the lowest mean L*24 values among wheats with different alleles at GIuAJ. The cultivar that had HMW-GS composition 2* , 6+8, and 3+12, had the lowest a*0 and a*24 values (Table III) . Those values were significantly (P < 0.05) lower than mean a* values of wheats with HMW-GS composition 2* , 6+8, and 2+12. This resuit suggests that selection of HMW-GS 3+12 could play a role in lowering redness of noodle sheets. Even though mean flour protein concentration was the lowest for wheats having HMW-GS 17+18, mean a values of those wheats were highest among wheats with different alleles at G1uBJ. This result is not in agreement with the results of other research (Graybosch et 
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a Values within a column followed by different letters are significantly different at P < 0.05. HMW-GS 17+18 could be due to the higher water absorption of those cultivars as indicated before (Baik et a! 1995) . Wheats with HMW-GS compositions 2* , 7+9, and 2+12, and 2* , 6+8, and 3+12 had highest b*0 and b*24 values, respectively. Wheats that contained HMW-GS 2* had significantly (P < 0.001) higher b* values than wheats with HMW-GS 1 or null at G1uAI. Among GIuBJ coded HMW-GS, 17+18 significantly (P < 0.01) decreased b* values compared with other G1uB] coded HMW-GS. Wheats with G1uDI HMW-GS 2+12 or 3+12 showed significantly (P < 0.001) higher mean b* values than those with 5+10. Those HMW-GS that contributed to high b* values decreased a* values, suggesting that HMW-GS variation could be partly responsible for negative correlations between a* and b* (Table II) .
Covariance analysis was performed to test whether variations of noodle water absorption and color parameters were statistically significant when adjusted to constant protein concentration. The results of covariance analysis indicated that protein concentration had significant (P :^ 0.05) effects on water absorption and a* values (Table IV) . The effect of HMW-GS was also statistically significant at P < 0.01 (Table IV) for those parameters. This result emphasizes that variation of HMW-GS alone could have a significant effect on noodle water absorption and a* values.
Noodle water absorption and a values were recalculated with data adjusted to constant mean flour protein concentration through covariance analysis (Table V) . Calculated water absorption and a* values showed significant differences among wheats with different HMW-GS compositions (Table IV) . Wheat lines that had HMW-GS 17+18 showed higher mean calculated noodle optimum water absorption and a* than other wheats (Table V) , as indicated for unadjusted values also (Table III) . The wheat cultivar with HMW-GS composition 2* , 6+8, and 3+12 had the lowest calculated a*0 and a*24 when adjusted to constant mean protein concentration. These results clearly indicated that the HMW-GS 17+18 and 3+12 should have qualitative effects on variation of noodle water absorption and a* values in addition to the quantitative effect of flour protein concentration.
Influence of Protein Molecular Weight Distributions on Noodle Dough Water Absorption
Optimum water absorption of noodle doughs had significant (P < 0.01) negative correlations with AA values of all protein fractions eluted after 12.5 min but did not show any significant (P < 0.05) correlations with %A values (Fig. I) . This result confirms that overall quantitative variations in flour proteins are mainly responsible for variations in noodle water absorption (Table II) . Among protein fractions, monomeric soluble protein fractions that eluted at 2t22.3 min showed the highest negative correlations (r = -0.77, P < 0.01) with water absorption. So, although almost all gluten fractions showed significant negative correlations with noodle dough water absorption, there was some indication that quantitative variations of specific gluten fractions (lower molecular weight monomeric proteins and the lowest molecular weight polymeric proteins) had a greater negative effect on optimum noodle water absorption than other fractions (Borneo and Khan 1999; Kuktaitie et al 2004) Influence of Protein Molecular Weight Distributions on Noodle Dough Color L*0 values showed few significant (P < 0.05) correlations with AA and %A values (Fig. 2) . This might due to the insignificant variation among cultivars for L*0 in this sample set (Table III) . L*24 values showed significant (P < 0.05) negative correlations with AA values of low molecular weight polymeric protein fractions eluted at 14.6-19.3 mm (Borneo and Khan 1999; Kuktaitie et al 2004) (Fig. 2A) . However, %A values rarely showed significant correlations with L*24 (Fig. 213) , suggesting that the quantitative variations in those low molecular weight polymeric protein fractions were more influential in their effects on L*24 , despite the observation that there was no correlation between flour protein and L*24 in this sample set (Table II) . This finding agrees to some extent with the results of Wang et al (2004) , who found that soluble glutenins in flour were a significant factor in decreased noodle brightness related to increased flour protein.
Significant positive correlations (P < 0.05) were observed between a *0 and AA values of protein fractions eluted between 12.0 and 13.5 mm, 18.2 and 18.6 mm, and 19.2 and 22.5 mm (Fig. 3A) . Significant positive correlations (P < 0.05) were observed also between a*24 and all AA values after 12.0 mm, with correlation coefficients declining to close to the critical r value for P < 0.05 at 17 and 19 mm (Fig. 3A) . Protein fractions eluted at 20.9 mm showed the highest correlation coefficient (0.62, P < 0.01) between AA and a *0, and those eluted at --21.2 min had the highest correlation coefficient (0.63, P < 0.01) with a*24 (Fig. 3A) . The %A of protein fractions eluted at 20.6-21.2 min had positive correlations with a*0 (Fig. 3B) . The significant correlation of values for both AA and %A at 20.6-21.2 min with a* values suggests that larger quantities and higher proportions of these protein fractions increase redness of noodle sheets, possibly by being more accessible as PPO substrates. The %A of protein fractions eluted at 14.3-17.0 min and 17.4-18.1 min showed negative correlations with a*0 values, but correlation coefficients with a*24 values were not significant (P < 0.05).
AA values of protein fractions eluted at 12.3-12.7 min and 20.9-21.3 min had significant negative correlations (P < 0.05) with b*0 (Fig. 4A) . Consistent with the literature (Graybosch et al 2004) , flour protein concentration did not show any significant correlation with b* values in this sample set (Table II) The highest values were r = 0.51 for b*0 and r = 0.53 (P < 0.01) for b*24 (Fig. 413) .
HMW-GS affected a* and b* values in a contrasting ways (Table Ill). For example, HMW-GS combinations with higher a*0 had, in general, lower b*0 values. In addition, protein fractions from 12 to 14 mm, as separated by SE-HPLC, and that corresponded to the HMW-GS observed in SDS-PAGE, also showed contrasting relationships with a* and b* values, confirming the SDS-PAGE data. The AA and %A values of protein fractions that had negative correlations with b* generally had positive correlations with a* (Figs. 3 and 4) , suggesting that those protein fractions could be also related to negative correlations between a* and b*. Because the yellowness of noodle dough is strongly influenced by flavonoids (Asenstorfer et a! 2006) , further research is needed to elucidate the cause of variation of yellowness in noodle doughs in relation to protein.
Developing Prediction Models Using SE-HPLC Chromatogram Data
Significant correlations between AA and %A values of SE-HPLC chromatograms of proteins and noodle optimum water absorption and color parameters suggested that prediction models for those parameters could be developed from the SE-HPLC data. Principal component analysis was performed. The resulting principal component scores and transformed principal component scores were used for model calibration by continuum regression.
The raw chromatograrn data was not appropriate for processing because it required excessively long calculation times, even for a computer. Eight principal component scores explained 96.2% of variation of AA and %A values in this sample set (data not shown). Coefficients of determination and root mean square errors for calibration models and cross-validations are shown in Table VI . The calibration model of optimum water absorption for noodle making showed an R2 = 0.77 and cross-validation indicated an R2 = 0.61 (Table VI) . Flour protein alone had only an R2 0.49 with water absorption (Table II) . These results indicate that where quality laboratories use SE-HPLC routinely, the results could be used to estimate noodle dough water absorptions more accurately than using flour protein concentration alone, and without recourse to additional laboratory analyses.
The calibration models of noodle color parameters showed good predictive capacities except for the model for L*24 (Table  VI) . The latter could be anticipated as in this sample set flour protein was not significantly correlated with L*24 (Table II) . Although L*0 showed very few significant correlations with AA and %A values ( Fig. 2A) , the calibration model of L*0 value of noodle sheet had the highest R2 value of all the models (Table VI) . This high R2 value for L*0 could be attributed to the inclusion of transformed data including squares, interaction terms, and ratios in the calibration model. These could help explain variation that did not have a linear relationship with AA and %A. Ohm et a! (2006) also reported that data transformation helps develop more robust calibration models. The calibration model developed for prediction of L*diff suggested the possibility of predicting darkening rate of noodle sheets by SE-HPLC data. However, darkening rate is a property primarily related to PPO. The calibration models for a* and h* also showed high R2 values (Table VI) .
The R2 values of cross-validations indicated that >75% of variation in noodle color parameters could be explained by the models except, as expected, for L*24 (Table VI) . Cross-validation R2 values for L*0, a*0, and a*24 , and b*0 and b*24 were still much higher than those calculated using flour protein content alone (R2 = 0.16 for L*0, R2 = 0.32 and 0.43 for a*0 and a*24, and R2 = 0.09 and 0.02 for b*0 and b*24, respectively). Cross-validation R2 values for L*0 and a*24 were higher than R2 values of other cross-validations (Table VI) , suggesting that those models could be robust enough to be applied in screening of wheat lines for wheat cultivars with good noodle color. The multivariate methods used here have advantages for model development including avoidance of multicollinearity and the inclusion of many variables. Additionally, the transformed data can help explain nonlinear and interaction relationships (Ohm et al 2006) .
CONCLUSIONS
In this set of HWW wheat flours, high flour protein concentration was associated with lower optimum water absorption for salted noodle doughs. Wheat flours with HMW-GS 17+18 were associated higher optimum water absorptions for salted noodle doughs. The former result was confirmed by SE-HPLC data, which showed that after separation by SE-HPLC, quantitative increases in flour proteins of all molecular weights were associated with decreased noodle water absorption. There was some evidence that quantitative increases in lower molecular weight polymeric proteins and soluble monomeric albumins and globulins were more strongly associated with the decreased noodle water absorption than were increases in gliadins or higher molecular weight polymeric proteins. Water absorption for noodle making affected color of noodle doughs, even when the effect of protein was removed, as indicated by the significant negative partial correlations of noodle water absorption with b*24 values and positive correlations with a*0 and a*24 values. Kernel hardness was positively associated with noodle water absorption but did not have any significant correlations itself with noodle color parameters in this study.
As anticipated, higher flour protein concentration lowered color quality of noodles, as evidenced by significant simple negative correlations with L*0 and positive correlations with a*0 and a*24 values. Variations in HMW-GS composition also significantly affected noodle dough color parameters, except for L*0. Cultivars with HMW-GS 17+18 had significantly higher L*24 and a* values and lower L*diff and b* values. This odd combination of both increased redness and brightness for 24 hr doughs associated with HMW-GS 17+18 needs validation and more investigation. A wheat line with 3+12 showed the lowest a* values, suggesting that this HMW-GS could contribute to lowering redness of noodle doughs. However, only one breeding line with HMW-GS 3+12 was tested in this experiment and further research is needed to confirm these effects. Covariance analysis, using protein content as a covariate, emphasized that variations in HMW-GS affected water absorption and a' values independent of alterations to overall flour protein concentration.
Quantitative and qualitative variations in molecular weight distribution analyzed by SE-HPLC also were related to color parameters of noodle doughs, as shown by significant correlations with the AA and %A values of specific fractions of the SE-HPLC chromatograms. AA values at 12.0-13.5 mm (HMW-GS) and 19.2-22.5 mm (gliadins and low molecular weight albumins and globulins) had significant positive correlations with a*0 (i.e., initial redness) of noodle doughs, suggesting that these fractions may be more susceptible as substrates for PPO or are directly implicated in dough redness. The significant correlations with soluble protein fractions also suggested that flour milling conditions could affect noodle color because soluble protein fractions mainly exist in the aleurone layer of grain. Furthermore, the amounts of all protein fractions eluted after 12 min were correlated with higher a *24, suggesting the susceptibility of all flour proteins as substrates for PPO over time. Yellowness (b*) had significant negative correlations with %A values of protein fractions eluted at 14.0-18.2 min and 20.9-21.2 mm. Protein fractions that had positive correlations with a* values had negative correlations with b* values, and this opposing trend was confirmed when observing the HMW-GS combinations. Wheats containing HMW-GS 2+12 or 3+12 showed higher mean b* values than those with 5+10.
Calibration models that are robust enough to be applied for screening of wheat lines in breeding programs could be developed from SE-HPLC chromatogram data using multivariate methods. The calibration models of noodle color parameters showed R2 values >0.87 and cross-validation R2 values > 0.75, except for the model for L*24 . In this experiment, 15 genotypes were used for model development. More genotypes and growing environments should be included for development of more robust models in the future. Overall, there may be effects on color of noodle doughs related to variations in flour proteins that are independent of, and additional to, the known effects of flour pigments or PPO.
